Aligning spins in antiferromagnetic films using antiferromagnets 
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We have explored the possibility to orient spins in antiferromagnetic thin films with low mag- 
netocrystalline anisotropy via the exchange coupling to adjacent antiferromagnetic films with high 
magnetocrystalline anisotropy. We have used MnO as a prototype for a system with negligible 
single-ion anisotropy. We were able to control its spin direction very effectively by growing it as a 
film on antiferromagnetic CoO films with different predetermined spin orientations. This result may 
pave the way for tailoring antiferromagnets with low magnetocrystalline anistropy for applications 
in exchange bias systems. Very detailed information concerning the exchange coupling and strain 
effects was obtained from the Mn L2,3 soft x-ray absorption spectroscopy. 



The study of the exchange bias phenomena in multi- 
layered magnetic systems is a very active research field in 
magnetism, not the least motivated by the high potential 
for applications in information technology. Various com- 
binations of antiferromagnetic (AFM) and ferromagnetic 
(FM) thin film materials have been fabricated and inten- 
sively investigated!^ There seems to be an agreement 
among the experimental and theoretical studies that the 
largest exchange bias effects can be found in systems con- 
taining AFMs with a high magnetocrystalline anisotropy, 
such as CoO. The simple underlying idea is that the 
anisotropy helps to fix the spin orientation in the AFM 
while switching the magnetization in the FM. 

Our objective is to explore the possibilities to control 
and to pin the spin direction in AFM oxides having low 
magnetocrystalline anisotropy, e.g. transition-metal ox- 
ides with the M^, or ionic configurations. If 
successful, this would help to extend the materials basis 
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FIG. 1: Mn ^2,3 XAS spectra of a 50 monolayer MnO film 
epitaxially grown in Ag(OOl). The spectra were taken with 
linearly polarized light, in which 9 is the angle between the 
electric field vector E and the [001] surface normal. The sam- 
ple was measured at 30 K. 



for the AFMs used in exchange bias systems. One could 
then consider thin films of not only NiO but also LaCrOa, 
LaFeOa, 7-Fe203, and R3Fe50i2'^ At first sight, our 
chances may seem bleak since a recent study on ultra 
thin NiO films reveals that the magnetic anisotropy re- 
sults from a detailed balance between the infiuence of 
strain and thickness on the already very weak dipolar 
interactions in the AFM^i^ Also a very recent detailed 
report on MnO thin films grown on Ag(lOO) substrates^ 
did not address the magnetic properties of the oxide film, 
suggesting that it is difficult to detect magnetic order in 
those films. Indeed, we ourselves have carried out at the 
ID08 beamline of the ESRF in Grenoble polarization de- 
pendent x-ray absorption spectroscopy (XAS) measure- 
ments at the Mn L2.3 edges for a 50 monolayer (ML) thin 
film of MnO epitaxially grown on Ag(lOO) and, as shown 
in Fig.l, we could not observe any linear dichroic effect 
which otherwise could have unambiguously indicated the 
presence of antiferromagnetic order like there is for NiO 
on MgOjii^ This is most probably the result of having 
several differently orientated anti-ferromagnetic domains 
in the sample, canceling the net linear dichroic effect. 

On the other hand, the few studies available in 
the literature on combinations of AFM/ AFM films re- 
vealed that the interlayer exchange coupling can be very 
strong We took these findings as starting 
point of our work. We have used MnO as an ideal model 
for an antiferromagnetic system with negligible single- 
ion anisotropy. For the antiferromagnetic material with 
strong single- ion anisotropy we chose CoO. We note that 
large magnetization loops shifts have been reported for 
MnO nanocrystallites depositied by reactive ion beam on 
Co metalfi^ which we took as support for our hypothesis 
that CoO /MnO interfaces may play an important role for 
the magnetic coupling. We have grown MnO as a thin 
film epitaxially on two different types of CoO single crys- 
tal films. In one CoO film the spin direction is oriented 
perpendicular to the surface, and in the other parallel to 
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the surfaceFii Using soft x-ray absorption spectroscopy 
at the Mn L2,3 edges, we will show below that the spin 
direction of the MnO film strongly depends on the type 
of CoO film the MnO is grown on, and that it is dictated 
by the spin orientation of the CoO film and not by the 
strain or dipolar interactions in the MnO film. Interlayer 
exhange coupling is thus a very effective manner to con- 
trol spin directions and may be used for tailoring AFMs 
with low magnetocrystallinc anisotropy for exchange bias 
applications. 

The actual MnO/CoO systems studied are 
(14A)MnO/(10A)CoO/(100A)MnO/Ag(001) and 
(22A)MnO/(90A)CoO/Ag(001). The two samples were 
grown on a Ag(OOl) single crystal by molecular beam 
epitaxy (MBE), evaporating elemental Mn and Co from 
alumina crucibles in a pure oxygen atmosphere of 10^^ 
to 10^® mbar. The base pressure of the MBE system is 
in the low 10""'^'^ mbar range. The thickness and epitaxial 
quality of the films are monitored by reflection high 
energy electron diffraction (RHEED) measurements. 
Both the CoO and MnO films had [001]/[001] epitaxial 
relationships with the underlying Ag(OOl) substrate. 
With the lattice constants of bulk Ag, CoO, and MnO 
being 4.09A, 4.26A, and 4.444A, respectively, we find 
from x-ray diffraction (XRD) and RHEED that the 
in-plane lattice constants in each film are essentially 
given by the thickest layer which is almost bulk like. 
Compared to the bulk, the lOA CoO sandwiched by 
MnO is about 4% expanded in-plane (a|| w 4.424A), 
while the 90A CoO directly on Ag is slightly compressed 
in-plane {a\\ w 4.235A, a± « 4.285A). The MnO is 
compressed in both samples, but much more so for the 
one on the 90A CoO film. Details about the growth 
is given elsewhere.— We have recently shown that the 
spin direction is oriented perpendicular to the surface 
in the CoO film under tensile in-plane stress, and that 
it is parallel to the surface in the film with the slightly 
compressive in-plane stress 




FIG. 2: Experimental XAS geometry, with polarization of 
the light in the horizontal plane. 9 is the angle between the 
electric field vector E and the [001] surface normal, and a the 
tilt between the Poynting vector and the surface normal. 

The XAS measurements were performed at the Dragon 
beamline of the NSRRC in Taiwan using in-situ MBE 
grown samples. The spectra were recorded using the to- 
tal electron yield method in a chamber with a base pres- 
sure of 3xl0~^" mbar. The photon energy resolution at 



the Mn L2,3 edges {hv k, 635 — 655 eV) was set at 0.2 
eV, and the degree of linear polarization was ~ 98%. The 
sample was tilted with respect to the incoming beam, so 
that the Poynting vector of the light makes an angle of 
a = 70° with respect to the [001] surface normal. To 
change the polarization, the sample was rotated around 
the Poynting vector axis as depicted in Fig. 2, so that 
6*, the angle between the electric field vector E and the 
[001] surface normal, can be varied between 20° and 90°. 
This measurement geometry allows for an optical path of 
the incoming beam which is independent of 6, guarantee- 
ing a reliable comparison of the spectral line shapes as a 
function of 0. A MnO single crystal is measured simulta- 
neously in a separate chamber to obtain a relative energy 
reference with an accuracy of better than 0.02 eV. 

Fig. 3 shows the polarization dependent Mn L2,3 
XAS spectra of the MnO/CoO samples with CoO spin- 
orientation perpendicular (left panel) and parallel (right 
panel) to the surface, taken at temperatures far below 
(top part) and far above (bottom part) the Neel temper- 
ature (T/v) of the MnO thin film, which is about 130 K 
as we will show below. The spectra have been corrected 
for electron yield saturation effectsii^ The general line 
shape of the spectra shows the characteristic features of 
bulk MnOr^ demonstrating the good quality of our MnO 
films. Very striking in the spectra is the clear polarization 
dependence, which is the strongest at low temperatures. 
It is important to note that below T/v the dichroism, i.e. 
the polarization dependence, of the two samples are op- 
posite: for instance, the intensity of the peak A at hu 
= 639 eV is higher for 6 = 20° than for 9 = 90° in 
MnO/CoO where the spin orientation of the CoO is out 
of plane, while it is smaller in the other sample. Above 
T/v, the dichroism almost vanishes. Nevertheless, small 
but clear and reproducible shifts in the spectra as a func- 
tion of polarization can be seen: peak B at 640 eV has 
a shift of about 30 mcV for the MnO sandwiching the 
lOA CoO film, and 150 mcV for the MnO grown on top 
of the 90A CoO film. 

In order to resolve the origin of the dichroism in the 
spectra, we have investigated the temperature depen- 
dence in more detail. The measurements were done by 
taking the spectra starting from the lowest temperature 
(T=67K or T=77K) towards higher temperatures and 
after the highest temperature was reached (T=200K or 
T=400K) we returned to low temperatures and acquired 
new spectra in between the previously measured temper- 
atures. Fig. 4 depicts the polarization contrast of peak 
A. defined as the difference divided by the sum of the 
peak height in the spectra taken with the 6 ~ 20° and 
9 = 90° polarizations. In going from low to high temper- 
atures, one can see a significant temperature dependence 
for both samples (with opposite signs), which ffattens off 
at about 130K, identified as the of these MnO thin 
films. We therefore infer that at low temperatures the 
strong dichroic signal is caused by the presence of mag- 
netic ordering. Important is to note that the opposite 
sign in the dichroism for the two samples implies that 
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FIG. 3: (color online) Experimental and calculated Mn L2,3 XAS spectra of MnO in (left panel) 
(14A)MnO/(10A)CoO/(100A)MnO/Ag(001) and (right panel) (22A)Mn6/(90A)CoO/Ag(001) for 6 = 20° and 6 = 90°. 
Spectra below (T=77K left, T=67K right panel) and above (T=200K) the Tn of the MnO film are shown in the top and 
bottom parts, respectively. 



the orientation of the magnetic moments is quite differ- 
ent. Here we recall that MnO films grown on Ag with- 
out CoO do not show any dichroism down to the lowest 
temperatures, indicating the crucial role of the CoO in 
orienting the magnetic moments of the MnO. 

To understand the Mn L2,3 spectra quantitatively, 
we performed calculations for the atomic-like 2p^3d^ — > 
2p^3(i^ transitions using a similar method as described by 
Kuiper et al^ and Alders et air- but now in a D^h point 
group symmetry and including covalency. The method 
uses a MnOg cluster which includes the full atomic mul- 
tiplet theory and the local effects of the solidi^i^ It ac- 
counts for the intra-atomic 3d-3d and 2p-3d Coulomb and 
exchange interactions, the atomic 2p and 3d spin-orbit 
couplings, the O 2p - Mn 3d hybridization, local crys- 
tal field parameters IQDq, Ds, and Dt, and a Brillouin- 
type temperature dependent exchange field which acts on 
spins only and vanishes at Tjv. As in earlier works an 
average has been made over all possible equivalent mag- 
netic domains in the local D^h crystal-field point group, 
canceling out the effects of anisotropic magnetic linear 
dichroismi^^ The calculations were carried out using the 
XTLS 8.0 program,^ 

The results of the calculations arc shown in Fig. 3. We 
used the parameters already known for bulk MnO^^^ 
and tuned only the parameters for Ds, Dt, and the di- 



rection of the exchange field. For the MnO sandwiching 
the lOA CoO we find an excellent simulation of the ex- 
perimental spectra for Ds = 9.3 meV, Dt = 2.6 meV, 
and an exchange field parallel to the [112] direction. For 
the MnO overlaying the 90A CoO we obtained the best 
fit for Ds = 48.6 meV, Dt = 11.1 meV, and an ex- 
change field along the [211] direction. These two sets 
of parameters reproduce the spectra at all temperatures 
extremely well. This is also demonstrated in Fig. 4, 
showing the excellent agreement between the calculated 
and measured temperature dependence of the dichroism 
in peak A. Most important is obviously the informa- 
tion concerning the spin direction that can be extracted 
from these simulations. Earlier results have shown that 
in-plane tensile strained CoO layers (c/a<l) have their 
spin orientation parallel with the [001] direction while 
slightly compressed CoO/Ag(001) layers (c/a>l) have 
spin orientation perpendicular with the [001] directionJi 
We thus find that the magnetic moments in the MnO are 
oriented towards the surface normal when it is grown on 
the CoO film which has the spin direction perpendicular 
to the surface, and that it is lying towards the surface 
when MnO is grown on the CoO film which has the par- 
allel alignment. In other words, it seems that bulk-like 
MnO domains are stabilized that follow the CoO spin- 
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FIG. 4: Temperature dependence of the polarization contrast 
in the Mn Z/2,3 spectra, defined as the difference divided by 
the sum of the height of peak A aX hv = 639 eV, taken with 
6 — 20° and 6 = 90° polarizations. Filled and empty circles 
are the experimental data. The solid lines are the theoretical 
simulations. The shaded area represents the Tn of the CoO 
layers under the MnO film. 



direction as much as possible. 

In order to find out whether the spin direction in the 
MnO thin films is determined by the exchange coupling 
with the CoO, or whether it is given by strain and dipole 
interactions in the films as found for NiO thin films on 
non-magnetic substrates we now have to look more 
closely into the tetragonal crystal fields in the MnO films. 
The values for the tetragonal crystal field parameters Ds 
and Dt, which we have used to obtain the excellent sim- 
ulations as plotted in Fig. 3, can actually be extracted 
almost directly from the high-temperature spectra, where 
the magnetic order has vanished and does not contribute 
anymore to the polarization dependence. 

The top panels of Fig. 5 show a close-up of the spectra 
taken at 200K, i.e. above T/v- One can now observe the 
small but clear and reproducible shifts in the spectra as 
a function of polarization: the shift in peak A is denoted 
by and in peak i? by A^. In order to understand 
intuitively the origin of these shifts, we will start to de- 
scribe the energetics of the high spin Mn^+ (S*^^) ion in a 
one-electron-like picture. In Oh symmetry the atomic 3c? 
levels are split into 3 t2g and 2 eg orbitals, all containing 
a spin-up electron. The L3 edge of Mn-^+ should then 
consist of two peaks: in exciting an electron from the 
2p core level to the Sd, one can add an extra spin-down 
electron either to the lower lying t2g or the higher lying 
Cg shell, producing peaks A and B, respectively. In the 
presence of a tetragonal distortion, both the t2g and eg 
levels will be split, resulting in a polarization dependent 
shifts A^ and A^, analogous as found for NiOi^ 
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FIG. 5: (color online) (top panel) Close-up of the experimen- 
tal and calculated Mn I/3 XAS spectra at 200K, i.e. above 
Tat of (left) (14A)MnO/(10A)CoO/(100A)MnO/Ag(001) and 
(right) (22A)MnO/(90A)CoO/Ag(001); Aa and As are the 
polarization dependent shifts in peaks A and B, respectively; 
(middle and bottom panels) Relationship between {Aa, As} 
and the tetragonal {A^g, Atj^} splittings. 



Due to the intra-atomic 2p-3d and 3d-3d electron cor- 
relation effects, the relationship between the shifts in 
the spectra and the crystal field splittings become non- 
linear. Using the cluster model we are able to calcu- 
late this relationship for a Mn^+ Sd^ system and the 
results are plotted in Fig. 5. Using this map, we find 
for the MnO sandwiching the lOA CoO that At^^ = 15 
meV and Ae^ = 50 meV, and for the MnO overlaying 
the 90A CoO that At, = 90 meV and Ae = 250 meV 
{Ds={Ae^+At,J/7, Dt={3Ae^-AAtJ/35). The crys- 
tal field splittings for the second sample are much larger 
than for the first sample. This is fully consistent with 
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our structural data which indicate that in the second 
sample MnO experiences a much stronger compressive 
in-plane strain. It is important to recognize that the 
crystal field splittings for the two samples have the same 
sign, i.e. that both MnO films are compressed in plane. 
This implies that strain together with the dipolar interac- 
tions cannot explain the quite different spin-orientations 
of the two MnO systems. We conclude that the mag- 
netic anisotropy mechanism present in, for instance, NiO 
thin films on non-magnetic substrates;^ is overruled by 
the stronger interlayer exchange couplin g^'^°i^^i^^i^^'^"^i^^ 
between the CoO and MnO layers. 

The Tjv for these thin MnO layers is found to be 
at about 130 K. It is surprising that the Neel tem- 
perature is not reduced as compared to the bulk value 
of 121 since generally one would expect this to 

happen with decreasing thickness as was observed for 
NiO on Mg04 The origin for such a surprising behav- 
ior is not clear at this moment. It is possible that 
the in-plane compressive stress causes an increase in 
the Mn 3d - O 2p hybridization, which in turn could 
produce an increase of the superexchange interaction 
strength^ and thus also of T^. Another, more excit- 
ing, possibility emerges from the recent experimental 



and theoretical work on AFM/AFM multilayers such as 
FeFz/CoFa and CoO/NiO..^>ii'i^ii^^>i^ Experiments 
have revealed that multilayers could even have a single 
magnetic ordering transition temperature lying in be- 
tween the two TnS of the constituent materials. The 
phenomenon has been ascribed to the very strong inter- 
layer exchange coupling. 

In conclusion, we have shown that it is possible to con- 
trol the spin direction in MnO very effectively by grow- 
ing them as thin films on antiferromagnetic CoO films 
with different predetermined spin orientations. Using de- 
tailed Mn ^2,3 soft x-ray absorption spectroscopy, we are 
also able to show that it is not strain but interlayer ex- 
change coupling which plays a decisive role herein. This 
result may pave the way for tailoring antiferromagnets 
with low magnctocrystalline anistropy for applications 
in exchange bias. 
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